Introduction
[2] Detection and characterization of volcanic eruption flow parameters is critical for hazard mitigation, but the difficulty in obtaining accurate, real-time, and/or continuous measurements of volcanic eruption columns is well known [Mastin et al., 2009] . Volcanoes are sources of high-amplitude, varied acoustic signals, particularly at frequencies below 20 Hz (termed infrasound) [Fee and Matoza, 2013] . Linking geophysical signals, such as infrasound, to volcanic eruption features can provide key insight into eruption column dynamics and therefore hazard mitigation [Prejean and Brodsky, 2011; Fee and Matoza, 2013] . For example, recent work has suggested that infrasound from large, sustained volcanic eruptions resembles a low-frequency form of the sound from man-made jet engine flows (jet noise) . Understanding the relationship between infrasound and volcanic jet flow features may permit real-time, continuous characterization of volcanic eruption columns.
[3] Jet noise is the sound produced by interactions between the turbulent exhaust flow from, e.g., aircraft and rockets and the ambient air. As part of extensive efforts to characterize and reduce jet noise [Tam, 1998 ], a phenomenon known as "crackle" has been identified as an "annoying" [Ffowcs Williams et al., 1975] and "dominant" [Krothapalli et al., 2000] component of the overall radiation from supersonic jet flows. Crackle is defined as intense sound characterized by the repeated occurrence of asymmetric pressure pulses of sharp, high-amplitude compressions followed by weaker, gradual rarefactions [Ffowcs Williams et al., 1975; Krothapalli et al., 2000] . The term crackle connotes a "snapping" or "popping" sound in the audible region and has been described [Ffowcs Williams et al., 1975] as similar to the sound of repeated and irregular ripping of paper. Beginning with Ffowcs Williams et al. [1975] , numerous studies have correlated crackle with considerable positive waveform skewness. The skewness (S) of the waveform amplitude distribution (asymmetry) is defined as the normalized third central moment of the probability density function (PDF) of the time waveform amplitude (Figures 1c-1d) . Whereas a Gaussian PDF (S = 0) has been associated with low-amplitude noise radiating from subsonic jets, positively skewed distributions have been observed from supersonic jets produced by laboratory-scale nozzles [Krothapalli et al., 2000; Petitjean et al., 2006] , full-scale military aircraft engines [McInerny et al., 2006; Gee et al., 2007] and solid rocket motors and launch vehicles [McInerny, 1996; Gee et al., 2009] , as well as in numerical simulations of supersonic jets [Nichols et al., 2012] . Waveform skewness is greater in the vicinity of the peak noise direction and increases with Mach number, temperature, and amplitude [Krothapalli et al., 2000; Petitjean et al., 2006] , and has been observed sufficiently close to the jet to be considered a source phenomenon [Gee et al., 2013] . Although still under investigation, crackle may originate from repeated microexplosions occurring from cold ambient air entrained in the hot jet [Krothapalli et al., 2000; Nichols et al., 2012] . Recent studies have examined acoustic shocks in crackle using waveform derivative statistics [McInerny et al., 2006; Petitjean et al., 2006; Gee et al., 2013] , which requires relatively high data sampling rates not typically available for volcano infrasound. Herein, our analyses focus on how the infrasonic pressure waveform statistics from Nabro Volcano are consistent with man-made crackling jets.
The 2011 Eruption of Nabro Volcano, Eritrea
[4] Nabro Volcano, Eritrea (Figure 1a ) erupted unexpectedly and explosively on 12 June 2011. Although highly elevated seismicity was detected by regional seismic networks in East Africa in the days preceding the eruption (14 earthquakes M > 4.5), the lack of any local or regional volcano monitoring in this remote region [Smithsonian, 2011] and no known historical eruptive activity [Wiart and Oppenheimer, 2005] created confusion for civil aviation authorities in the early hours of the eruption. In fact, the eruption was initially attributed to Dubbi Volcano~25 km away [Bojanowski, 2011; Smithsonian, 2011] . As detected by satellite and ground-based lidar, the relatively ash-poor, gas-rich eruption produced one of the largest eruptive SO 2 masses (~4.5 Tg) since Mt. Pinatubo in 1991 and the single largest SO 2 column ever retrieved from space [Clarisse et al., 2011; Theys et al., 2013] . The highest emissions reached the lowermost stratosphere (~19 km altitude), circled the globe, and caused small but detectable climate changes [Bourassa et al., 2012] . The eruption killed seven people, displaced thousands, damaged crops, and disrupted air traffic. Extensive volcanic emissions and lava flows persisted through mid-June then continued at a lower level until mid-July [Smithsonian, 2011] .
Infrasound Data and Methods
[5] The Nabro eruption produced abundant low-frequency sound that was recorded by two infrasound arrays in the region: IS19 (Djibouti) and IS32 (Kenya). These arrays are Figure 1a ) is located 264 km southeast of Nabro and recorded the eruption with high signal-to-noise. It provides the most detailed eruption chronology available including eruption onset, duration, and changes in intensity. IS32 is much farther away at 1708 km and detailed waveform features would likely be lost at this distance due to numerous ground reflections and multipathing [Fee and Matoza, 2013] .
[6] Infrasound data at IS19 were recorded on an eight element, 2 km aperture array of MB-2005 microbarometers. Infrasound array detections are determined by first filtering the data between 0.1-8 Hz using a 4 pole, acausal Butterworth filter. The data are then divided into 30 s windows with 50% overlap, followed by computation of the trace velocity and azimuth using a least squares method [Szuberla and Olson, 2004] . Each data window is then colored by the Fisher Statistic (Figure 1c ) [Melton and Bailey, 1957] . All other infrasound data shown are from the IS19 L1 element and are filtered similarly. Ray tracing is performed using classical geometric acoustics techniques and a plane wave assumption [Blom and Waxler, 2012] , with rays launched between 1°and 45°from the horizontal axis at 1°intervals from a source height of 2 km (the volcanic vent elevation). The NRL-G2S [Drob et al., 2003 ] atmospheric specifications are used in the propagation modeling.
Results and Analyses
[7] We perform ray tracing to model infrasound propagation from Nabro to IS19 (Figure 1b ). Sound energy propagates up to the thermosphere before it is refracted back down between~110 and 130 km altitude. Rays are predicted to reach the ground just beyond Nabro at 274 km distance with a travel time of 1237 s (~20.6 min). Although the predicted rays do not directly reach the station, the modeling does not account for frequency-dependent propagation effects such as diffraction and the separation distance is within the accuracy limitations of the atmospheric specifications [Drob et al., 2003; Matoza et al., 2011; Assink et al., 2012] . Thermospheric propagation is consistent with the observed high trace velocities (mean 0.38 km/s, Figure S1b in the supporting information) and is expected at this range and equatorial location [Assink et al., 2012] .
[8] Infrasound from the first few days of the eruption consists of high-amplitude signals lasting a few hours. Figure 1c displays 24 h of IS19 infrasound data beginning 12 June 18:00 UTC, with pressure waveform segments determined to be from Nabro shown in black and other noise shown in gray (see Figure S1 for array processing details). Infrasound from Nabro begins on 12 June~21:44 UTC, continues until 13 June~05:00 UTC, and then diminishes before resuming again around 10:00 UTC. Note that high-amplitude infrasound from Nabro continued for the next few days and was coincident with voluminous, high-altitude volcanic emissions, as described by other studies [Fee et al., 2010; Dabrowa et al., 2011; Matoza et al., 2011; Fee and Matoza, 2013; Fromm et al., 2013] . The Nabro infrasound in Figure 1c has a striking positive asymmetry (greater positive pressure values than negative), which suggests the potential for skewness analysis to quantify this characteristic. The IS32 data does not contain noticeable asymmetry, likely due to its much greater distance.
[9] Skewness from the pressure data in Figure 1c was calculated over 30 s intervals and is displayed in Figure 1d , with black indicating periods during which S > 0. Comparison of Figures 1c-d shows that skewness values are typically positive and high (S > 0.5) for periods corresponding to high-amplitude infrasound from Nabro, peaking at S = 3.5 at 04:00 UTC. For reference, S > 0.4 was suggested as a threshold for defining crackle for high-power jet engines [Ffowcs Williams et al., 1975] . We found that calculated skewness values are relatively insensitive to changes in interval length.
[10] Skewness and pressure amplitude from Nabro are positively correlated. First, Figure 2 shows examples of low-and high-amplitude waveform segments originating from Nabro. Figure 2a highlights 2 min of high-amplitude, high-skewness infrasound characterized by repeated, impulsive compressions followed by weaker, longer duration rarefactions. Figure 2b shows a low-amplitude, near-zero skewness segment from 14 June. Figure 2c shows explicitly the correlation between pressure amplitude and skewness; large skewness values only occur during high-amplitude periods. This correlation of skewness with pressure amplitude is similar to that observed from supersonic jet engines [McInerny et al., 2006] and rockets [McInerny, 1996] , indicating that the crackle in the high-amplitude infrasound is a source feature and not an infrasound propagation effect.
Comparison of Nabro Infrasound With Jet and Rocket Engine Data
[11] We further illustrate the similarity between the Nabro infrasound with crackle by directly comparing the infrasound with audible noise from heated supersonic aircraft and rocket engines. Data from tests of an F/A-18E Super Hornet jet engine [Gee et al., 2005] and GEM-60 rocket motor [Gee et al., 2009] are selected. The F/A-18E data are from a test where the tied-down aircraft was run at afterburner and recordings were made using a 6.35 mm Bruel and Kjaer 4938 condenser microphone [Gee et al., 2007] . The GEM-60 is a solid-fuel rocket used as a booster for the Delta IV launch vehicle and has an average vacuum thrust of 828,000 N. The rocket is 16.2 m in length with a 1.52 m diameter nozzle. The GEM-60 solid rocket data were recorded using a GRAS 6.35 mm 40BD pressure microphone [Gee et al., 2009] . Figures 3a-c displays 1 min of Nabro infrasound along with time-scaled audible waveforms from the F/A-18E jet and GEM-60 rocket. Supersonic aircraft and rocket data are normalized and then scaled to match the repeat frequency of the Nabro crackle pulses. All three waveforms have high positive skewness values and are characterized by impulsive asymmetric compressions and lower amplitude, longer rarefactions. The GEM-60 and Nabro data show particular similarity. The similarity is strengthened by Figure 3d , which compares the PDFs of the waveforms in Figures 3a-c with that of a Gaussian distribution. PDFs were computed using a normal kernel function estimate method. A strong similarity exists between the Nabro, military aircraft, and rocket PDF distributions, with all three being positively skewed with long positive tails. Additional waveform segments have comparable skewness values and PDF distributions. The agreement between Nabro infrasound and man-made supersonic jet noise is remarkable given the differences in the size, thrust, temperature, etc., and point to the promise of applying the body of knowledge about supersonic jet and rocket noise to better characterize volcanic infrasound.
Conclusions
[12] We have shown that acoustic waveforms from an explosive volcanic eruption are highly similar to those from supersonic jet flows. These unique waveforms indicate that volcanic jets can make sound in similar ways to man-made supersonic jet and rocket engines. Although crackle is commonly observed from heated, supersonic jet and rocket engines, this is the first documented case of crackle from a volcano. We speculate that the uniqueness of the Nabro infrasound may be due to the gas-rich/ash-poor nature and explosiveness of the eruption. These types of eruptions are rare and thus challenging to record with infrasound sensors, particularly at close range. However, the expansion of the IMS network and deployment of additional infrasound stations in recent years provide greater opportunities to record large eruptions [Fee et al., 2010; Matoza et al., 2011] . Crackle is also directed downstream of the jet and thus will propagate out at high angles into the atmosphere, restricting the regions where it may be detected. McGimsey and Dorava [1994] observed continuous shock waves being emitted from the base of the 1992 Mt. Spurr eruption, which is consistent with the flow process required to produce crackle. Note they heard no sound from the volcano from their sideline angle to the eruption column even though they were only a few kilometers away. Because the identification of crackle via the [Gee et al., 2007] .
skewness is fairly straightforward, high waveform skewness could be used, in conjunction with other characteristics such as the jet noise similarity spectra , to rapidly identify hazardous volcanic jetting in an acoustic early warning system [Fee et al., 2010; Matoza et al., 2011] .
[13] The unique, distinctive infrasonic crackle from Nabro suggests that the volcanic jet was supersonic relative to the ambient sound speed (~330 m/s), not unexpected for explosive eruptions of this size [Sparks et al., 1997] . Determination of the volcanic jet velocity has important implications for understanding the eruption column dynamics including mass flux, plume height, and ash dispersal. Future field, laboratory, and numerical work to better understand the relationship between infrasound and volcanic jets could lead to detailed information on the eruption column which would have significant benefits for hazard mitigation and volcano modeling. Correlating changes in crackle properties with changes in volcanic jet features shows particular promise, such as the observed increase in skewness with increasing Mach number and temperature for laboratory jets [Krothapalli et al., 2000; Petitjean et al., 2006] .
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